The transport of lactose by Escherichia coli cells was radically different in the absence and in the presence of an exogenous energy source: in the former case, the time course of lactose accumulation was monotonous; in the latter case, lactose accumulation reached a maximum and then decreased to a final steadystate level lower than that observed in the absence of an energy source. We show that this "overshoot" is the result of a decrease in the influx rate and of an increase in the rate constant of efflux as lactose accumulates. These phenomena were irreversible. The extent of the overshoot was dependent upon the experimental conditions: it was maximal at alkaline pH, for low external potassium concentrations, and for relatively high external lactose concentrations (around or above the KT of uptake). The addition of an energy source to resting E. coli cells resulted in an increase in both the electrochemical gradient of protons and in the rate of respiration. We demonstrate that the overshoot is the result of the latter and unrelated to the former. We observed an irreversible decrease in the membrane potential as lactose accumulated in the presence of an exogenous energy source. We discuss the whole of our data in terms of an irreversible inactivation of the lactose carrier as a result of a possible interaction with the respiratory chain.
The transport of lactose by Escherichia coli cells was radically different in the absence and in the presence of an exogenous energy source: in the former case, the time course of lactose accumulation was monotonous; in the latter case, lactose accumulation reached a maximum and then decreased to a final steadystate level lower than that observed in the absence of an energy source. We show that this "overshoot" is the result of a decrease in the influx rate and of an increase in the rate constant of efflux as lactose accumulates. These phenomena were irreversible. The extent of the overshoot was dependent upon the experimental conditions: it was maximal at alkaline pH, for low external potassium concentrations, and for relatively high external lactose concentrations (around or above the KT of uptake). The addition of an energy source to resting E. coli cells resulted in an increase in both the electrochemical gradient of protons and in the rate of respiration. We demonstrate that the overshoot is the result of the latter and unrelated to the former. We observed an irreversible decrease in the membrane potential as lactose accumulated in the presence of an exogenous energy source. We discuss the whole of our data in terms of an irreversible inactivation of the lactose carrier as a result of a possible interaction with the respiratory chain.
Since its discovery in 1956 (12) , the ,-galactoside permease of Escherichia coli has been studied extensively in whole cells, as well as in membrane vesicles. Since the verification of the Mitchell hypothesis (9) that the mechanism of transport is a proton symport, this system has served as a model for the study of secondary active transport (6, 13) . Very recently, the amino acid sequence of the carrier protein was deduced from the DNA sequence (2) , and the purification and reconstitution of the functional carrier have been reported (10, 16) . Nevertheless, the molecular mechanism of 3-galactoside transport remains to be elucidated.
Since the original work of Cohen and Monod (3), it has been reported that there is a monotonous time course of accumulation, via the lac carrier, of substrates which are not hydrolyzed by the 3-galactosidase or of lactose in strains lacking this enzyme (ML308225).
While investigating the mechanism of lactose uptake, we observed, for certain well-defined conditions, a very different phenomenon. At alkaline pH, for a relatively high external lactose concentration and in the presence of an exogenous energy source, the time course of lactose uptake was no longer monotonous: the internal lactose concentration reached a maximum and then declined significantly to a lower steadystate level.
To our knowledge, this phenomenon, which we find highly reproducible, has never been reported in the literature. We present here the results of our analysis of this phenomenon, which may be relevant to the understanding of the molecular mechanism of the lactose permease.
We show that, at high rates of respiration, the uptake of lactose leads to an irreversible decrease in the influx rate of lactose and in the electrical membrane potential. We suggest that these phenomena are related to an irreversible modification of the lactose carrier, leading to a proton entry via the permease no longer coupled to lactose uptake. ML308225 (i z-y+ a'), ML35 (i-z+ y-a'), ML30 (i+ z+ y+ a'), and ML308 (-z+ y+ a') were grown in minimum medium A containing 0.4% glycerol as the sole carbon source and harvested at an absorbance of 0.4 at 650 nm (1-cm path length). EDTA-treated cells were prepared by the method of Booth et al. (1) . EDTA-and non-EDTA-treated cells were suspended in 10 mM Tris-hydrochloride-150 mM choline chloride-1 mM KCI (pH 7.6) at an absorbance of 40 (20 mg [dry weight] per ml), kept on ice, and used within 5 h.
Lactose uptake. Cells were suspended in the appropriate medium (final concentration, 2 mg/ml [dry weight]) and incubated with agitation for 2 min at 25°C in the presence or absence of an exogenous energy source.
[3H]lactose (10 mCi/mmol) was then added at the desired concentration. At given intervals, samples (100 ,ul) were removed, immediately diluted with 4 ml of buffer, and filtered on Whatman glass microfiber filters (GF/F). The filters were washed twice with 4 ml of buffer and counted for radioactivity in a liquid scintillation counter. Uptakes were corrected by subtracting blanks obtained under identical conditions, except that the cells were pretreated with 50 puM CCCP and 200 p.M PCMBS. The internal lactose concentration was calculated assuming an internal cytoplasmic volume of 1 p.l/mg (dry weight) (1).
Determination of the influx rate of lactose during its accumulation. Cells were suspended and incubated for 2 min as described above. At time zero, nonradioactive lactose was added at the desired concentration.
Samples (100 p.l) were immediately withdrawn. To these, trace amounts of [3H]lactose (266 mCilmmol; final concentration, 4 p.M) were added at various time intervals. The uptake of radioactive lactose was allowed to proceed for 15 s before dilution and filtration as described above. To insure that the 15-s uptake of radioactive lactose truly reflected the rate of influx of nonradioactive lactose at the time of the addition of the radioactive solute, we determined, in control experiments, the uptake of radioactive lactose over a 5-s interval. We observed similar rates of uptake.
Determination of the effiux rate of lactose. Once the accumulation of radioactive lactose had taken place, we determined the rate of efflux from the cell interior by diluting 100-fold the cell suspension in a medium of similar composition, except that the external lactose was nonradioactive. Efflux occurs under exchange conditions, and we determined the rate of efflux by filtering 5-ml portions as a function of time. We also calculated the rate of efflux as lactose accumulated from the known time course of lactose accumulation (the slope at a given time being the rate of net uptake) and the known time course of the influx rate (rate of efflux = rate of influx -net rate of uptake).
Determination of At. The membrane potential (AtI) was determined by the accumulation of ["4C]Ph4P'.
EDTA-treated cells (1 mg/ml [dry weight]) were incubated in the suspension buffer as described above.
[14C]Ph4P+ (175 mCi/mmol) was then added (final concentration, 2.8 ,uM We also ascertained that the low final steadystate level of lactose accumulation observed in the presence of glycerol is not the result of cell lysis. We centrifuged cells which had accumulated lactose in the presence of glycerol and determined the extent of cell lysis by assaying for proteins (Bio-Rad assay and absorption at 280 nm) and nucleic acids (absorption at 260 nm) in the supernatant. A comparison with the protein and nucleic acid contents of the supernatant of cells lysed by treatment with 1 N NaOH indicates that less than 5% of the cells which had accumulated lactose in the presence of glycerol lysed (data not shown).
(ii) Rate of influx and rate of efflux. The existence of an overshoot of internal lactose concentration in the presence of an energy source implies that, although the rate of influx is greater than the rate of efflux in the ascending part of the uptake curve, the opposite is true in the descending part after the maximum has been reached.
We determined the rate of influx during the time course of lactose uptake (500 ,uM external lactose concentration) in cells incubated in 1 mM KCl (pH 7.6) in the presence and in the absence of glycerol. The results are shown in Fig. 2 .
In the absence of glycerol, the rate of influx remained stable throughout the time course of uptake except for a small transient decrease in the early part of the uptake curve. In the presence of glycerol, the initial rate of influx was similar to that in the absence of glycerol. However, it decreased steadily as lactose accumulated during the first 5 min until it stabilized at a value three to four times smaller than the initial one. When added to cells which had accumulated lactose in its absence for 10 min, glycerol provoked a rapid decrease in the rate of influx to the final value attained by cells which have normally accumulated lactose in the presence of glycerol.
The transport of glucose via the phosphotransferase system inhibits lactose uptake via the lac carrier (11) . We ascertained that the decrease in the influx rate of lactose reported here is not the result of an artifact of this nature due to a possible contamination of lactose by glucose. Cells were incubated for 10 min in the presence of glycerol and 10 FM glucose (an upper limit for lactose contamination by glucose). Lactose (500 ,uM) was then added, and the initial rate of influx was determined. The rate was similar to that of the control incubated in the absence of glucose (data not shown).
We experimentally determined the rate of efflux once the steady-state level of lactose accumulation had been reached. The rate of efflux followed pseudo-first-order kinetics, and the data have been plotted accordingly in Fig. 3 . The rate of efflux was dependent upon the internal lactose concentration and was thus different in the presence and in the absence of glycerol. However, we observed that the rate constants of efflux were similar in both cases (0.7 min-1 versus 1 min-1).
From the data presented in Fig. 1 (Fig. 2) . In the presence of glycerol, the initial rate constant of efflux was smaller and remained relatively constant during the first few minutes of accumulation (0.2 to 0.3 min-'). It then increased as a function of time until it finally reached the value of the rate constant of efflux in the absence of glycerol (0.7 to 0.8 min-'), a value in agreement with that determined experimentally (see above).
Thus, glycerol has an effect on both the rate of influx and the rate constant of efflux of lactose. Although in the absence of glycerol, both the rate of influx and the rate constant of efflux remained constant during lactose uptake, in the presence of glycerol, the rate of influx decreased and the rate constant of efflux increased. It is the combination of these changes that is responsible for the overshoot in the internal lactose concentration, as a function of time, observed in the presence of glycerol. However, the final lower level of lactose accumulation observed in the presence of glycerol as compared with the final level of lactose accumulation in the absence of glycerol was mainly the result of the decrease in the influx rate.
We will hereafter refer to this phenomenon simply as the overshoot. This is not to be confused with the overshoot in solute accumulation usually observed under exchange conditions.
(iii) Effect of EDTA treatment. To render the cells permeable to the lipophilic cations used for the determination of At, we had to pretreat the cells with EDTA (see above). We found that this treatment affected the extent of the overshoot observed in the presence of the energy source. At pH 7.6, 1 mM KCI and 500 ,uM external lactose concentration, in the absence of an energy source, the time course of lactose uptake for EDTA-treated cells was similar to that observed for non-EDTA-treated cells (cf. Fig. 4 with Fig.   1 ). In the presence of an energy source, the maximal internal lactose concentration for EDTA-treated cells was smaller by 50% than that for non-EDTA-treated cells, and the maximum was reached faster (within 2 to 3 min). Thereafter, the internal lactose concentration for EDTA-treated cells decreased to levels which were lower than those observed for non-EDTA-treated cells. Thus, although the EDTA treatment enhanced the overshoot, the phenomenon remained qualitatively similar for EDTAand non-EDTA-treated cells. The large overshoot (factor of 10 between the maximal uptake and the final uptake) was the result of a similar large decrease in the rate of influx. Although in the absence of glycerol the rate of influx remained stable throughout the time course of uptake, in the presence of glycerol, within the first few minutes of uptake, the rate of uptake decreased from a value similar to that observed in the absence of glycerol to a value one tenth of it (Fig. 5) . Also, the addition of glycerol after the cells had accumulated lactose in the absence of glycerol resulted in a rapid decrease in the influx rate to a value similar to the final one reached when glycerol was added before lactose (Fig. 5) .
(iv) Effect of various energy sources. Glycerol, the energy source used throughout this study, was the one provided during the growth of the cells. We ascertained that the overshoot phenomenon reported here is not specifically related to that energy source. An examination of the time course of lactose uptake (EDTA-treated cells [pH 7.6]; 1 mM KCI, 500 ,uM lactose concentration) in the presence of various energy sources-Li D-lactate (20 mM), sodium succinate (20 mM), sodium ascorbate (10 mM)-phenazine methosulfate (0.1 mM)-shows clearly that the overshoot is observed whatever the energy source (Fig. 6) .
Also, the time course of lactose accumulation by cells grown on succinate rather than glycerol displayed the same overshoot when determined in the presence of glycerol or succinate as the exogenous energy source (data not shown).
(v) Irreversibility of impairment of lactose transport after the overshoot. The data displayed in Fig. 7 show that the inability of the cells to accumulate lactose to high internal concentrations after the overshoot has taken place is an irreversible process.
Cells were incubated in the presence of glycerol and nonradioactive lactose (500 ,uM), and lactose was allowed to accumulate for 20 min. The cell suspension was diluted 15-fold, and lactose was allowed to exit from the cells for 20 min. The suspension was then centrifuged and resuspended in the initial volume; glycerol and radioactive lactose were added to the suspension, and lactose accumulation was followed for 15 min. In a control experiment, cells were treated in the same manner except that the first incubation medium was devoid of glycerol and lactose. Under these conditions, for cells which had previously accumulated lactose in the presence of glycerol, the overshoot was no longer present. Instead, lactose accuWulation rose slowly (i.e., low influx rate) to the low steadystate level of the control.
In a second series of experiments, cells were incubated with glycerol in the presence and in the absence of 500 ,uM lactose (nonradioactive) for 10 concentration) was then added, and initial rates of influx were determined. Cells which had previously accumulated lactose in the presence of glycerol displayed an influx rate three to four times less than that of cells which had accumulated lactose in the absence of glycerol (data not shown).
Thus, cells which have accumulated lactose in the presence of an added energy source are irreversibly impaired; washing away the energy source does not restore their capacity to accumulate lactose at high rates. ikxperimental conditions affecting the overshoot. The extent of the overshoot observed in the presence of an exogenous energy source depended on the experimental conditions. We have already described the effect of EDTA treatment, which enhanced the overshoot. We describe below the effect of the external lactose concentration, pH, and the presence of certain cations.
(i) Effect of the external lactose concentration.
The extent of overshoot depended on the external lactose concentration. In 1 mM KCl (pH 7.6), as the external lactose concentration decreased from 500 to 200 to 50 ,uM, the overshoot became less pronounced and appeared later (Fig. 8) . It was completely absent below 50 p.M, and the uptake curves were similar in the presence or the absence of glycerol. We determined, as well, the influx rate of lactose for an external lactose concentration of 50 ,uM. Contrary to the results obtained at 500 ,uM (Fig. 2) , the influx rate in the presence of glycerol remained constant throughout the time course of accumulation (data not shown).
(ii) Effect of external pH. The extent of overshoot in lactose accumulation observed in the presence of glycerol depended on the external pH. We present in Fig. 9 the accumulation of lactose in the presence and in the absence of glycerol at pH 6.2. Clearly, at an acidic pH, the overshoot was much less pronounced (or even absent) than it was at an alkaline pH.
(iii) Effect of externally added K+ and Na+.
The external K+ concentration had a profound effect on the extent of overshoot. In Fig. lOB we display the time course of lactose accumulation for three different external K+ concentrations, 50 ,uM, 10 mM, and 100 mM (other experimental conditions: pH 7.6 and 500 ,uM lactose concentration). The external ionic strength was kept constant by decreasing the choline concentration as the K+ concentration was raised.
Whatever the external K+ concentration, the initial parts of the uptake curves were similar, and the internal lactose concentration increased within 3 to 5 min to 100 to 120 mM. In the presence of 50 ,uM K+, the internal lactose concentration decreased thereafter to 15 mM; the presence of 10 mM K+ partially inhibited the overshoot, and the internal lactose concentration declined to only 60 mM; the presence of 100 mM K+ strongly inhibited the overshoot (the internal lactose concentration remained stable at 100 mM). Increasing the external K+ concentration from 50 ,uM to 100 mM resulted in a smaller decrease in the influx rate as lactose accumulated (Fig. 10A) .
The addition of K+ after the overshoot had occurred did not restore a higher level of lactose accumulation (data not shown). This again indicates that the phenomenon is irreversible and that its effect cannot be reversed by effectors which prevent it.
Na+ may replace K+ in inhibiting the overshoot. Its effect took place at a higher concentration. Thus, 10 mM Na+ had no effect on the overshoot, whereas 100 mM Na+ significantly inhibited the overshoot. The dose-response effects of Na+ and K+ on the overshoot are shown in Fig. 11 .
Effect of At and of the rate of respiration on the overshoot of lactose accumulation. tion of glycerol to resting cells resulted in an increase in both the electrochemical gradient of protons and the rate of respiration. We determined the role of these two parameters in the overshoot of lactose accumulation by artificially lowering, in the presence of glycerol, the electrochemical gradient of protons and the rate of respiration to levels comparable to those observed in the absence of glycerol. The electrochemical gradient and the rate of respiration were decreased by the controlled addition of CCCP and cyanide, respectively. At pH 7.6, AT was the sole significant contributor to the electrochemical potential difference of protons (1, 18) .
In the presence of glycerol, Al was 180 mV as compared with 165 mV in the absence of glycerol, and the rate of respiration as determined by oxygen consumption was increased by a factor of 3. In the presence of glycerol, the addition of 2 FM CCCP decreased Al from 180 to 105 mV, a value significanty lower than that observed in the absence of glycerol. Clearly, the addition of CCCP did not remove the overshoot despite the large decrease in al (Fig. 12A) . Therefore, it is not the increase in Al resulting from the addition of glycerol which is responsible for the overshoot.
It was possible to reduce the rate of respiration without completely blocking it by the controlled and limited addition of cyanide. We present in Fig. 12B the time course of lactose uptake in the presence of glycerol and in the presence of 100, 200, and 400 FM cyanide, respectively. Cyanide (100 ,uM) had little effect on respiration (data not shown) or on the overshoot. The addition of 200 ,uM cyanide reduced the rate of respiration to a level comparable to that observed in the absence of glycerol without significantly affecting AT (170 mV). Clearly, under these conditions the overshoot was completely removed, and the uptake resembled that in the absence of glycerol. Finally, in the presence of 400 ,uM cyanide, the uptake curve saturated without overshoot at a lower internal lactose concentration. These data suggest that the overshoot in lactose accumulation is related to an increase in the rate of respiration. Although the addition of cyanide before the accumulation of lactose led to the disappearance of the overshoot, its addition after the overshoot had occurred, in the presence of glycerol, did not restore a higher level of lactose accumulation (data not shown), again emphasizing the irreversible nature of the phenomenon.
Finally, we verified that factors which affect the overshoot (high external K+ concentration or acidic pH) have no effect on the rate of respiration in the presence of glycerol (data not shown).
Effect of lactose accumulation on At'. On the one hand, as mentioned above, the addition of glycerol to E. coli cells increased At; on the other hand, the accumulation of lactose in the presence of glycerol decreased At' (14) . Therefore, we evaluated Al' as a function of time during lactose uptake in EDTA-treated cells (pH (Fig. 13) .
In the absence of glycerol, there was only a slight decrease in At as a function of time and, after 10 min of lactose accumulation, At had decreased from its initial value of 162 mV to a final value of 152 mV. In the presence of glycerol, the decrease in At was very large and took place during the first 5 min of lactose accumulation. It decreased from an initial value of 192 mV to a final value of 150 mV (Fig. 13) .
The decrease in AT required the presence of a lactose permease. In uninduced ML30 cells or in ML35 cells, AT was unaffected by incubation with lactose (500 F.M) and glycerol. It also required relatively high external lactose concentration; thus, the incubation of ML308225 cells with 50 ,uM lactose (in the presence of glycerol) did not affect AT (data not shown). Finally, lactose was not the sole substrate of the lactose permease leading to a decrease in At as it accumulated in the presence of glycerol. Thus, the addition of TMG (1 mM), a non-metabolizable substrate, led, in the presence of glycerol, to a large decrease in the electrical membrane potential (some 40 mV; data not shown).
The decrease in At was irreversible, as was the decrease of the influx rate (see above). Cells were first allowed to accumulate lactose (500 F.M) for 10 min in the presence or in the absence of glycerol. They were then centrifuged and suspended in a medium devoid of lactose and glycerol, and AT was determined. We found that At in cells which had accumulated lactose in the presence of glycerol was 50 to 60 mV less than that in cells which had accumulated lactose in the absence of glycerol (110 mV compared with 160 mV). Thus, washing away the energy source does not restore a higher At.
The decrease in At as lactose accumulated in the presence of glycerol paralleled the time course of the decrease in the influx rate of lactose (cf. Fig. 5 ), and they were both irreversibly affected by lactose accumulation. However, as we will discuss later, it does not appear that the former is directly responsible for the latter.
Effect of lactose accumulation on K+ efflux. The addition of glycerol at an alkaline pH promotes an efflux of potassium from the cells (8, 17) . We observed that this efflux was enhanced by the additional accumulation of lactose.
We followed the time course of the changes in the internal K+ concentration of E. coli cells in the presence or in the absence of glycerol or lactose or both.
E. coli cells (non-EDTA treated) were incubated at pH 7.6 and a low external K+ concentration (50 p.M). Under these conditions, we observed a regular decrease in the internal K+ concentration in the absence of any added glycerol and lactose (the initial internal value depended upon the time of their addition). Qualitatively, the results for K+ movements to be described below were similar within a large range of initial internal K+ concentrations (300 to 100 mM).
In the absence of glycerol and lactose and after a 20-min incubation period, the initial internal K+ concentration was 120 mM. This corresponded to time zero of the experiment. In the absence of any added lactose, the internal K+ concentration declined during the following 10 min to 85 mM in the absence of glycerol and to 70 mM in the presence of glycerol. In the absence of glycerol, the addition of lactose had little effect, whereas in the presence of glycerol, the potassium efflux was enhanced (Fig. 14B) . In Fig. 14A , we replotted the data to emphasize the effect of lactose accumulation on K+ efflux. Clearly, in the presence of glycerol, the addition of lactose led to a large decline in the internal K+ concentration over 5 min, which corresponds to the time during which the lactose concentration increased within the cell.
The whole of these data could suggest the existence of a correlation between K+ movement or internal potassium concentration or both and the presence or absence of overshoot. However, this is not the case. Indeed, the results for K+ movements given above were ob- tained with cells which had not been pretreated with EDTA. We found that an EDTA treatment depleted practically completely the internal potassium of the cells (below 20 mM, our lower limit of detection) independently of any addition of energy source or lactose, and yet the phenomena were qualitatively similar for EDTA-and non-EDTA-treated cells.
DISCUSSION
Under certain experimental conditions, the transport of lactose in E. coli cells is radically different in the presence and in the absence of an exogenous energy source: in the presence of an added energy source, lactose accumulation as a function of time exhibited a more or less pronounced overshoot. The phenomenon was particularly striking when a certain number of conditions were fulfilled together: an alkaline pH, a relatively high external lactose concentration (around the KT and above), a relatively low external K+ or Na+ concentration. If one of the above conditions was lacking, the overshoot was less pronounced or even absent.
We have shown that the overshoot is the result of the effect of the energy source on both the rate of influx and the rate constant of efflux. In the absence of an energy source, these are constant throughout the time course of accumulation. In the presence of an energy source, the rate of influx decreased significantly within the first few minutes of lactose accumulation from an initial value similar to that observed in the absence of glycerol. The rate constant of efflux was smaller in the presence of glycerol during these first minutes; it then increased to a value similar to that observed in the absence of an energy source.
The changes reported above were not related to the metabolism of the energy source. Indeed, whatever the energy source, the overshoot was still present, even with ascorbate-phenazine methosulfate, which supposedly injects its electrons directly into the respiratory chain.
Independently of the presence of lactose, the addition of an energy source resulted in an increase in the membrane electrical potential and an increase in the rate of respiration. We have shown that although the former cannot be responsible for the observed changes in the rates of influx and efflux of lactose, the latter is related to these changes. Indeed, an artificial decrease in AtI in the presence of the energy source did not eliminate the overshoot, whereas an artificial decrease in the rate of respiration resulted in an uptake similar to that observed in the absence of an externally added energy source.
The subsequent addition of lactose in the presence of an energy source led to further phenomena, two of which have been analyzed here: a decrease in the membrane electrical potential and an efflux of K+ as lactose accumulated significantly.
In principle, a decrease in AP as lactose accumulates could be responsible for the decrease in the influx rate, as it is known that the latter is dependent upon the former (5). This, however, is not the case, and the observed decrease in the rate of influx (a factor of 10 in EDTA-treated cells; Fig. 5 ) was incompatible with the observed decrease in AtI (from 192 to 150 mV; Fig. 13 ). Indeed, in the experiments presented in Fig. 12 , we artificially decreased VOL. 154, 1983 on May 2, 2016 by guest http://jb.asm.org/
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At in the presence of glycerol from 180 to 105 mV by the addition of CCCP. The uptake of lactose at 1 min was a good reflection of the initial influx rate for these At values, and it is seen that they differ by a factor of less than 2.
We have shown that in the absence of the lactose permease, the addition of lactose and an exogenous energy source are without effect on At. Moreover, the decreases in A"T and in the influx rate were only observed in the presence of high external lactose concentrations. Finally, a decrease in A'T was also observed as TMG, a non-physiological substrate of the lactose permease, was accumulated in the presence of an exogenous energy source. Therefore, we suggest that the decreases in At and in the influx rate are the results of event(s) specifically associated with the lactose permease and leading to an irreversible modification (inactivation) of the carrier. Importantly, this inactivation did not impair the capacity of the carrier to catalyze efflux under exchange conditions since we found that the rate constants of efflux were similar in the absence and in the presence of an exogenous energy source.
The decrease in AtI indicates that the inactivated lac carrier catalyzes a net influx of protons. This net influx, which persists once the steady-state level of lactose accumulation has been reached, could result either from an efflux of lactose without protons while influx still takes place with protons or from an influx of protons without lactose. We previously proposed the first hypothesis (14) . However, the fact that the decrease in At is irreversible and persists even in the absence of lactose indicates that it is rather a result of a net influx of protons without lactose. Thus, there is an uncoupling at the level of the permease (this protein is now able to catalyze a translocation of protons without its substrate). The inactivated protein is no longer able to catalyze active transport, hence, the low influx rate observed.
It has long been known that E. coli cells growing on a limited supply of lactose in a chemostat stop growing when provided with an excess of lactose (4). Later, it was shown that the addition of lactose to growing cells results in both an inhibition of growth and a decrease in the proton motive force (15) . It has been proposed that it is the transport of lactose which is responsible for the decrease in the proton motive force, which in turn is responsible for the inhibition of growth (15) . We show here that the transport of lactose per se is not responsible for the decrease in the proton motive force, but that the combination of this transport and the presence of an exogenous energy source lead to the inactivation of the carrier.
Although an efflux of K+ accompanied the uptake of lactose in the presence of an energy source, we do not believe that this efflux is directly related to the inactivation of the lac carrier. Indeed, in the case of cells that had been pretreated with EDTA, the initial internal potassium concentration was below detection even in the absence of any added glycerol or lactose. Yet, also under these conditions, the uptake of lactose in the presence of an energy source led to a large decrease in the influx rate of lactose. Independent of the efflux of K+, a relationship may exist between the extent of the decrease in the influx rate and the internal K+ concentration. Indeed, we observed that factors which increased the internal K+ concentration (a high external K+ concentration, an acidic pH) inhibited the decrease in the influx rate as lactose accumulated, whereas factors which lowered the internal K+ concentration (EDTA treatment) enhanced this decrease.
In conclusion, we propose that, under conditions of both a high rate of respiration and a high rate of influx of lactose (or high internal lactose concentration), the carrier becomes irreversibly inactivated in terms of the influx of lactose. This inactivation may be partially prevented by certain factors, such as a high external K+ (or Na+) concentration or an acidic pH, which increase the internal K+ concentration. Thus, quite unexpectedly, our results would imply an interaction between the respiratory chain and the lactose carrier not related to the electrochemical gradient of protons measured between bulks. This interaction could be indirect: through a high local electrochemical gradient of protons (7) not reflected by the measured AI.H+; through the production of toxic compounds (e.g., superoxide); or through an increased level of ATP which could regulate the influx or efflux or both of lactose, all events which could result from the increased rate of respiration. On the other hand, this interaction could be a direct one between the carrier itself and a component of the respiratory chain. In this respect, an example of the inactivation of the lac carrier due to a direct interaction with another protein has recently been reported: Osumi and Saier (11) have shown that enzyme III of the phosphotransferase system modulates the activity of the lactose permease by a direct protein-protein interaction. In all cases, it is the carrier-substrate complex which interacts, since inactivation requires, in addition, high rates of lactose influx. Therefore, the lac carrier-p-galactoside complex and the unloaded lac carrier ought to have different conformations.
